Geometric and radiometric corrections are necessary to convert raw seafloor acoustic backscatter data to imagery in which the intensity variations are due to the geoacoustical properties of the bottom, and the angular dependence of the backscattering process. Radiometric corrections include removal of the combined effects of the sonar's transmit and receive beam patterns, and removal of the area ensonified. To this end, a method is described to estimate the composite transmit/receive beam pattern of a multibeam swath mapping sonar using seafloor acoustic backscatter data collected over an entire survey area. This involves estimating the scattering area at each sounding based on local seafloor slopes. For a given sonar installation, results obtained with a 400 kHz multibeam echo-sounder show that such beam pattern estimates containing up to 50 lobes remain stable over different survey areas.
INTRODUCTION
Since their introduction in the mid 1970s, swath-mapping multibeam echo-sounders have been used for acoustic remote sensing of the seafloor, primarily for bathymetry. The acoustic backscatter imaging capabilities of these systems was demonstrated in the mid 1980s (de Moustier, 1986) , and has since been combined with the simultaneously acquired bathymetry to describe the morphology and associated acoustic backscattering properties of the surveyed seafloor, leading to inferences of bottom types for various applications (e.g. exploration, habitat mapping, undersea pipeline and cable route planning). However, processing and analysis of the resulting seafloor acoustic images remains a current research topic because of the gradual improvements in sonar technology and thanks to the quantum leap in digital data acquisition, storage, and processing capabilities. In addition, a common issue with all underwater acoustic measurements made in the field with directional transducer arrays, is a reliable estimate of the transmit and receive beam patterns of these arrays. Although calibration measurements made in a tank yield valuable insights into the spatial characteristics of a transducer array, they rarely predict accurately enough the baffling effects of hull-mounting, or the acoustic interference structure of the platform on which the array is mounted. Therefore, field measurements are usually the only viable option, and this paper describes an insitu beam pattern estimation method applicable to swath mapping multibeam echo-sounders.
Today's multibeam echo-sounders measure and record the time of arrival, the angle of arrival, and the corresponding intensity of echoes from the seafloor on each beam (hundreds to thousands) for each ping. In its raw form, the measured echo intensity is a function of the transmitted acoustic signal (acoustic wavelength, transmitted power, pulse bandwidth, transmit beam pattern), transmission losses incurred by the signal in its round trip travel between the sonar and the seafloor, the acoustic backscattering properties of the bottom, and the characteristics of the receiver (beam pattern, gains, echo detection). In principle, the sonar parameters can be measured by calibration of the sonar in its operational configuration using standard spherical targets (e.g. Foote et al., 1987; Ona et al., 2009) , or calibrated acoustic transducers (e.g. de Moustier et al., 1990; Fusillo et al., 1996) . Calibration with standard targets provides an estimate of the effective sonar geometry that combines the effects of the transmit and receive geometries, whereas calibration with acoustic transducers provides separate estimates of the transmit beam pattern and the receive beam pattern. In the following a method is described that provides an in-situ estimate of the combined transmit and receive beam patterns using the seafloor echoes acquired over an entire survey. This method requires no external devices and no additional ship time beyond that needed for the survey work.
APPROACH
The end goal of seafloor acoustic backscatter measurements is an estimate of the acoustic reflectivity of the seabed and its associated geoacoustic properties (Jackson and Richardson, 2007) . For this purpose, the measurements must be independent of the characteristics of the measuring sonar. Therefore, it is necessary to remove the deterministic spatial gain introduced by the transmit and receive beam patterns. It is also necessary to normalize the measured backscatter value for the size of the instantaneous area ensonified at the time of bottom detection in each beam. For each beam, this area is defined as the intersection of the projection on the seafloor of the effective transmitted pulse length with the beam footprint. This geometry is beam limited (the pulse footprint fills the beam footprint completely) for near specular backscatter, otherwise it is pulse limited (the pulse footprint does not fill the beam footprint that contains it). In this work, the instantaneous ensonified area at the time of bottom detection was computed for each beam using the methodology described in (de Moustier and Alexandrou, 1991) that we expanded to include the effect of a sloped seabed.
The combined transmit and receive beam geometries were approximated by elliptical cones. The axis of each cone is aligned with the beam receive angle in the sonar's reference frame. The cross-section of each such beam is an ellipse with a fore-aft axis defined by the fore-aft transmit beam width, and an across-track axis defined by the across-track receive beam width of the specific beam.
An accurate estimate of the pulse area includes the seabed slope in both the across-track and along-track directions. Here, computation of the area ensonified by the transmitted pulse while it propagates within the footprint of a given beam incorporates the local seafloor slope across-track only. This simplification was necessary because the along-track slopes computed from the available data contained discontinuities due to residual pitch artifacts. Therefore, in the derivation of the parameters describing the elliptical beam footprint, the across-track axis of the ellipse lies along the local seafloor slope, whereas the along-track axis assumes a locally plane seafloor. Surface normal unit vectors were computed from the across-track local slope at each sounding location defined in sonar coordinates (i.e., across-track and along-track distances corrected for roll and pitch).
In any given ping cycle, for each beam angle, fixed in the sonar's reference frame but moving in 3 dimensions relative to vertical, the acoustic backscatter measurement is corrected for the fixed transmit and receive gains valid for that ping, for round trip transmission losses (spherical spreading and absorption) between the sonar and the bottom, and for the local instantaneous area ensonified. When such corrected measurements are accumulated and averaged over several hundred thousand pings during a seafloor survey, a deterministic pattern emerges. This pattern should remain consistent from survey to survey if nothing changes in the configuration of the transducer arrays.
The technique described here was developed to process seafloor acoustic backscatter data collected in April 2011 with a hull-mounted 400 kHz multibeam echo-sounder during an ONR-funded seafloor survey offshore Panama City, Florida (GulfEx11). However, the technique was put in practice and verified during three separate seafloor surveys conducted in November 2011 in the Gulf of Mexico. The same 400 kHz sonar model (different unit from the April 2011 work) was used for these three surveys. It was mounted on a deep diving remotely operated vehicle (ROV) flown about 20 m above the bottom. The sonar parameters included a 1º fore-aft by 140º across-track transmit beamwidth, and up to 512 receive beams with a nominal across-track beamwidth of 0.5º at broadside. Pulse durations varied between 68 µs and 86 µs. 
RESULTS
For all data in each survey area, the normalized echo magnitudes were binned at each receive angle in the reference frame of the sonar transducer. In the examples shown here, this yielded about half a million samples per angle per survey area. For each angle, a trimmed mean-echo-magnitude was computed on all the samples within two standard deviations of the mean. The resulting beam pattern estimates obtained with the same sonar system in three different survey areas are shown in Fig. 1 . The beam pattern estimates for the three surveys match to within ±0.5 dB for angles outside of ±20º from broadside. A discrepancy of 1-2 dB in gain appears in the central ±20º. Compared to echoes received in the outer beams, beamformed echoes received in this central sector are more likely to come from a near-specular backscatter geometry with, depending on the receiver gain settings, potential saturation and non-linear output of the receivers (e.g. Parnum, 2008; Rice et al., 2012) . The receive angles considered here are fixed in the sonar's reference frame, however this frame is subjected to the platform's motion. Therefore, depending on the roll angle at reception time, different beams in the central sector will encounter a nearspecular backscatter geometry from ping to ping. In addition, the transmit beam is not steered to compensate for the platform's pitching motion at the time of ping. Therefore, the 1º fore-aft transmit beam width of the sonar make the acoustic backscatter measurements made in the central ±20º from broadside particularly sensitive to the platform's pitching motion, the trim of the platform in pitch, and along-track bottom slopes. FIGURE 2. Beam pattern signature removal. Seafloor acoustic backscatter image (relative dB scale) for a single track: uncorrected (left), and corrected (right) using a composite transmit and receive beam pattern estimated over the entire survey area. The acoustic backscatter intensity is gridded using Delaunay triangulation at a grid cell resolution of 15 cm. Roll-corrected beam angles were limited to ± 60º from nadir.
The consistency across 50 lobes in the beam pattern estimates, obtained for three separate surveys with the same sonar in the same mounting configuration, confirms that the estimates represent a deterministic component of the sonar. This is further verified when the beam pattern estimate is subtracted from the data as shown in Fig. 2 . In the single swath segment of echo intensities displayed on a relative dB scale in the left panel of Fig. 2 , the sonar's beam pattern signature appears as a series of stripes roughly parallel to the survey track. This signature disappears (Fig. 2 , right panel) after compensation for the beam pattern function shown in Fig. 1 . The remaining changes in echo intensity levels are due to the angular dependence of the acoustic backscattering process and the bottom type.
CONCLUSION
It has been shown that acoustic backscatter measurements acquired with a multibeam echo-sounder during a seafloor survey can be used to obtain an estimate of the composite transmit and receive beam pattern for this echosounder. The method used data for the entire survey. It normalizes each measurement for the instantaneous area ensonified by the transmitted pulse within the footprint of each beam at the instant of bottom detection. This area is computed by projecting the pulse on the local across-track seafloor slope obtained from the concurrent bathymetry profile. The beam pattern estimates for the same sonar in three different survey areas were consistent to within ± 0.5 dB for angles outside of ±20º from broadside. The lobes of the beam pattern remained consistent over all angles, even though receiver saturation caused gain discrepancies of 1-2 dB in the central ±20º. The resulting beam pattern estimate has proven effective at removing the beam pattern signature from the measured data. The method has been demonstrated using data obtained with a 400 kHz multibeam echo-sounder, but it is equally applicable to any swath bathymetric sonar system that collects simultaneously bathymetry and acoustic backscatter imagery. In addition, the method requires no external devices and no additional ship time beyond that needed for the survey work.
